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ABSTRACT
Hexagonal BC2N is a superhard material recently identified to be comparable to or even harder thancubic boron nitride (c-BN) due the full 푠푝3 bonding character and the higher number of C-C and
B-N bonds compared to C-N and B-C. Using a first-principles approach to calculate force constants
and an exact numerical solution to the phonon Boltzmann equation, we show that BC2N has a highlattice thermal conductivity exceeding that of c-BN owing to the strong C-C and B-N bonds, which
produce high phonon frequencies as well as high acoustic velocities. The existence of large group
velocities in the optical branches is responsible for its large thermal conductivity. Its coefficient of
thermal expansion (CTE) is found to vary from 2.6×10−6/K at room temperature to almost 5× 10−6/K
at 1000K. The combination of large thermal conductivity and a good CTEmatch with that of Si, makes
BC2N a promising material for use in thermal management and high-power electronics applications.We show that the application of compressive strain increases the thermal conductivity significantly.
This enhancement results from the overall increased frequency scale with pressure, which makes
acoustic and optic velocities higher, and weaker phonon-phonon scattering rates.
1. Introduction
Supermaterials can deliver extreme performance across
a variety of applications. In particular, diamond, a cova-
lent insulator with simple electronic and lattice structures,
has long been known as one of the hardest [1] and high-
est thermally conductive materials [2, 3, 4] on earth due to
its strong 푠푝3 covalent bonds and the light mass of carbon
atoms. However, its inherent shortcomings such as brittle-
ness, oxidization, and reactionwith iron, and difficuly in syn-
thesis, restrict its practical applications to some degree[5, 6].
As a consequence, the pursuit of superhard thermally con-
ductive materials with desirable properties is an recurring
theme in condensed matter physics and materials science.
Boron and Nitrogen are the adjacent elements to Carbon and
have a similar atomic radius. Their binary phases or ele-
mental solids containing B or N dopant exhibit excellent me-
chanical performance and high stability. For instance, cubic
BN with an acceptable hardness value shows better chemi-
cal and thermal stability (approximately 1650 K) and ductil-
ity in comparison with diamond [7]. In terms of its thermal
performance, experimental and theoretical studies have been
conducted to investigate thermal transport in both naturally
occurring and isotopically pure c-BN, revealing that it pos-
sesses one of the highest thermal conductivities reported but
lower than that of diamond. Recently, Lindsay et al.[8], and
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S.Mukhopadhyay et al. [9] estimated similar room temper-
ature values of (2145 and 2113 W/m-K for 휅푅푇 from first-principles calculations based on a real space approach and
DFPT, respectively. These were greater than the experimen-
tal value of 1300 W/m-K [10] (due to the absence of scat-
terings from boundaries and impurities), and lower than the
reported value for diamond (> 3000 W/m-K) using a sim-
ilar approach [11]. However, the hardness of c-BN is only
in the range of 46-66 GPa[12, 13, 14, 15], much lower than
that of diamond which is 100-160 GPa [15]. More recently,
Chakraborty et al. [16] revealed that Hexagonal diamond (h-
C) and wurtzite boron nitride (w-BN) are two superhard ma-
terials comparable to or even harder than their cubic counter-
parts, cubic diamond (c-C) and cubic boron nitride (c-BN).
By using first-principles calculations, they also estimated
their lattice thermal conductivity (휅퐿) exceeding the over-all thermal conductivity of metals, albeit lower than that of
their cubic counterparts due to their larger volume of three-
phonon scattering phase space. Therefore, the search for
new superhard thermally conductive materials with proper-
ties comparable or even superior to those of diamond is still
an intriguing and long-standing endeavor. Similarities be-
tween diamond and cubic boron nitride (c-BN), such as their
closely matched lattices, high melting temperatures (>3000
K), large bulk moduli, high thermal conductivity, and sim-
ilar thermal-expansion coefficients, motivate the expectation
that zinc-blende-structured cubic boron-carbonitride (c-BCN)
compounds may form new superhard and superabrasive ma-
terials. Therefore, considerable efforts have been devoted to
synthesizing various B-C-N compounds with covalent and
rigid network lattices under high pressure and temperature.
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Up to now, several successful syntheses of ternary B-C-N
compounds (e.g., BCN [17, 18, 19, 20], c-BC푥N (x=0.9-3.0)[21], BC2N [22, 23, 13, 12, 24, 25, 15, 26, 27], BC4N [28,29, 12], and BC6N, B2CN [30]) have been achieved by usingdifferent methods such as chemical vapor deposition [19],
solvothermalmethod[18], chemical processmethod[29], high
temperature and high pressure (HTHP) method[12, 13, 15,
22], mechanicalmillingmethod[24], spark plasma sintering[17],
and shock-compression method[23]. Among them, BC2Nhas drawn extensive attention since it has been expected to
be thermally and chemically more stable than diamond and
harder than c-BN. The measured Vickers hardness of the re-
cently synthesized c-BC2N reached 76 or 62 GPa[13, 15,12]indeed higher than c-BN. However, the determination of
its structure becomes rather difficult owing to the small and
similar atomic masses of B, C, and N. This inspires theoret-
ical researchers to resolve this challenging problem[31, 32,
33, 34, 35, 36, 33, 37, 38]. For instance, on the theoreti-
cal side, many different crystal forms were proposed, e.g.
zinc-blende structures [39, 40, 41], chalcopyrite (cp-) BC2N[42], body-centered (bc6-) BC2N [14], tetragonal z-BC2N[43], wurtzite BC2N [44], the short period (C2)푛(BN)푛 (111)superlattices [45, 46, 47], and tetragonal (t-) BC2N [48].
Among the proposed structures, z-BC2N [43] is constructedfrom the sixteen-atom supercell of diamond and its XRD
spectrum agrees with the experiment data [13] very well,
and generally superlattices [45, 46] have among the lowest
energies. The t-BC2N phase was predicted to be another
candidate because the estimated Vickers hardness and the
simulated XRD and Raman patterns were in excellent agree-
ment with the experimental results[48].
Recently, Q.Li et al. [49] proposed a rhombohedral struc-
ture with R3m-2u symmetry as the best candidate for the
superhard BC2N by the ab initio evolutionary algorithm us-ing USPEX code [50, 51, 52], which well reproduced the
experimental x-ray diffraction (XRD) and energy-loss near-
edge spectroscopy (ELNES) patterns. They revealed that
this structure has lower energy in comparison with earlier-
proposed structures e.g struc-1, BC2N-w3, z-BC2N, andBC2N
1 × 1 and BC2N 2 × 2. They also demonstrated that earlier-proposed high-density and low-density forms are likely from
this single rhombohedral phase. The theoretical hardness of
R3m-2u BC2N is 62.1 GPa, in excellent agreement with the
experimental value of 62 or 76 GPa, which exceeds that of
c-BN (58.6 GPa) measured by the same method.
More Recently, L.Liu et al.[53] proposed R3m BC2Nwith the second highest hardness value of 71 GPa through
first-principles swarm structure calculations. The simulated
X-ray diffraction patterns, K-edge spectra, and hardness value
of R3m BC2Nwell matched with the experimental measure-ments. Moreover, they revealed that this structure is more
stable than the earlier proposed BC2N phases, e.g., P4cc,Pmm2, P4̄21m, and P4̄2m phases. This proposed structure
is displayed in Fig. 1 and the lattice is characterized in table
1. It consists of a superposition of buckled layers of hon-
eycomb C and hexagonal B-N. As it can be seen, the two
kinds of honeycomb layers are interconnected through C-N
and C-B bonds.
Figure 1: Crystal structure and top views of hexagonal BC2N
, of space group R3m, proposed by Liu et al. [53]. The pur-
ple, blue, and yellow spheres represent B, N, and C atoms,
respectively.
Table 1
Lattice parameters of hexagonal BC2N.
Lattice
parameters
atom
type
Wyckoff
positions x y z
space group:
R3m (No.160) B 3a 0.0000 0.0000 0.0515
a=b=2.541 Å C 3a 0.0000 0.0000 0.5491
c=12.618 Å C 3a 0.0000 0.0000 0.9221
N 3a 0.0000 0.0000 0.4280
Moreover, the B or N atoms in the B-N layer project at
the center of the carbon hexagonal rings Fig.1. This struc-
tural character effectively avoids the formation of B-B and
N-N bonds. The presence of a pure C honeycomb layer, con-
taining strong C-C bonds, obviously indicates that the pre-
dicted BC2N is the high-density phase. Its unusual hardnesscan be attributed to the full 푠푝3 bonding character and the
higher number of C-C and B-N bonds compared to C-N and
B-C. Liu et al. also showed that R3m BC2N has a wide in-direct electronic band gap around 5.0 eV by using the Heyd
Scuseria Ernzerhof (HSE) screened hybrid functional[53].
This is slightly smaller than the band gap value (5.47 eV) of
diamond. Nonetheless, the thermal properties of BC2Nwerenot calculated, inspiring us to investigate its thermal conduc-
tivity 휅. Ab initio calculations based on Boltzmann transport
theory in combination with density functional theory (DFT)
have demonstrated accuracy in describing thermal conduc-
tivity of a variety of bulk materials [54, 11, 55, 56, 57, 58]
and 2D structures [59, 60, 61].
So, in this study, we calculated the force constants using
ab initio methods, and solved the Boltzmann equation to in-
vestigate the thermal conductivity of the most energetically
stable structure (R3m) BC2N reported so far and compare itto diamond and c-BN.
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Moreover, as ultrahard materials are usually used un-
der high-pressure conditions, we also systematically studied
how uniaxial, biaxial and hydrostatic pressure affect thermal
transport in this material.
2. Computational Methods
The ab initio determination of thermal conductivity and
phonon scattering rates are enabled by obtaining geometry
and interatomic force constants (IFCs) from density func-
tional theory (DFT) calculations and solving the linearized
Boltzmann transport equation (BTE). BC2Nwith R3m spacegroup has been found to be the most energetically stable
structure reported so far. In this work, we perform first prin-
ciples calculations by using the Quantum Espresso [62] code
with the generalized gradient approximation (GGA) and the
PBEsol exchange-correlation functional and by using ultra-
soft pseudopotentials. All atoms were fully relaxed with a
kinetic-energy cutoff of 80 Ry and a 20×20×4Monkhorst-
Pack k-mesh until the Hellmann-Feynman forces on them
were less than 10−6 Ry/Bohr. The applied compressive pres-
sure was simulated by decreasing the lattice constant and re-
laxing the atoms in the smaller volume structure. The har-
monic and anharmonic interatomic force constants (IFCs)
were obtained based on the direct supercell approach. The
harmonic IFCs were calculated using a 4 × 4 × 1 supercell
with a 5×5×4 Γ-centered Monkhorst-Pack k mesh by using
the Phonopy package [63]. Anharmonic IFCs were calcu-
lated using 50 Ryd kinetic-energy cutoffs and gamma point
calculations with 4 × 4 × 1 supercells, and the cutoff for
cubic IFCs was considered up to the seventh nearest neigh-
bors. After obtaining the second-order harmonic and third-
order anharmonic IFCs, the thermal conductivity of natu-
rally occurring isotopic and hypothetical isotopically pure
hexagonal BC2N were calculated on a converged q-spacegrid 18×18×3 by iteratively solving the phonon Boltzmann
transport equation as implemented in the Sheng-BTE soft-
ware package[64]. Within the framework of the BTE[65],
and the relaxation time approximation (RTA) the phononic
thermal conductivity tensor (휅) can be expressed as:
휅훼훽퓁 =
1
푉 푁
∑
휆
(ℏ휔휆)(
휕푓휆
휕푇
) 휐훼휆휐
훽
휆휏휆 (1)
where 훼 and 훽 are the Cartesian directions, 휆 comprises
both a phonon branch index 푝 and a wave vector 푞, 푇 is the
absolute temperature, 푉 is the volume of the unit cell, 푁 is
the number of 푞 points in the Brillouin zone, ℏ is the reduced
Planck constant, 휔휆 and 휐휆 are the angular frequency andgroup velocity of phononmode 휆 respectively, 푓휆 is the equi-librium Bose-Einstein distribution function. The inverse of
the phonon lifetime 휏휆 in the relaxation time approximation(RTA) is equal to the total scattering rate, which is a sum
of the anharmonic scattering rates and the isotope scatter-
ing rate. The scattering matrix elements 푉 ±휆휆′휆′′ appearingin the relaxation rates are essentially the Fourier coefficients
of the third-order interatomic force constants, rotated to the
phonon eigenmode basis. The so called âĂĲweighted phase
spaceâĂİ W is defined as the sum over terms involving fre-
quencies in the expression of three-phonon scattering rates
Eq.(2), which are written as:
w±휆 =
1
2푁
∑
휆′푝ε
{2(푓휆′−푓휆ε)푓휆′−푓휆ε+1}
훿(휔휆 ± 휔휆′ − 휔휆ε)
휔휆휔휆′ 휔휆′′
(2)
for absorption (+) and emission (-) processes[66, 67]. It does
not involve the cubic force constants, but shows the volume
in the phase space where energy and momentum are con-
served in a three-phonon process. The larger the scattering
phase space, the larger the three-phonon scattering rate. We
also calculated the elastic constants and thermal expansion
by using thermo-pw[68] code implemented as a utility of QE
to compute thermodynamic properties.
Convergence studies:
To study the convergence with respect to the cutoff range
of the cubic force constants, we plot in Fig. 2 the final ther-
mal conductivity and average Gruneisen parameter at room
temperature and under zero pressure ,as a function of the
cutoff distance.
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Figure 2: Thermal conductivity and Gruneisen parameters of
the unstrained sample at room temperature versus the num-
ber of neighbors included in cubic anharmonic force constants.
Results seem to converge after 11 neighbors.
It can be inferred that the results converge for 11 neigh-
bors, corresponding to a cutoff distance of 4 Å. In our cal-
culation of thermal properties we have however used and re-
ported the results with 7 neighbors. One can see that the
converged values of the Gruneisen parameters are approxi-
mately 7% larger and the converged thermal conductivities
are 15% lower. This does not change the results of our dis-
cussions and figures in the paper as we are mostly discussing
trends and relative contributions. The only exception being
the absolute thermal conductivities in Fig. 5 and scattering
rates in Fig. 9 where they are plotted on a log scale. A
15% change is however invisible on this scale. So all figures
present in this paper remain to a great degree unchanged if
more neighbors were to be included.
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Figure 3: Phonon dispersion curves (a), and phonon density of
states (b) with contributions from each element of hexagonal
BC2N.
3. Results
3.1. Phonon dispersion and elastic properties of
hexagonal BC2NThe phonon dispersion in the equilibrium geometry, Fig.3(a),
is in good agreement with the first-principles calculations re-
ported in Ref.[53]. The corresponding phonon density of
states with contributions from each element of hexagonal
BC2N is shown in Fig.3(b). Phonon modes at frequencieshigher than 32 THz are dominantly due to vibrations of C
atoms (stiffer C-C bonds), while below this frequency the
three elements have almost equal contributions. As can be
seen in Fig.3(a), the frequencies of all phonon modes are
positive, which reveals the dynamical stability of hexago-
nal BC2N. The elastic constants of hexagonal BC2N at 0GPa were also calculated. For a hexagonal structure, there
are five independent elastic constants. The calculated elas-
tic constants are given in table 2 in comparison with pre-
vious theoretical studies for hexagonal BC2N, c−BN, anddiamond. On the basis of Born stability criteria, the elas-
tic constants for a hexagonal structure should satisfy the fol-
lowing elastic stability criteria: C44 > 0, C11− C12 > 0,and C33(C11+C12)-2C213 > 0 ( 퐶66 = (퐶11 − 퐶12)∕2 ) [69].These results reveal that the Hexagonal BC2N is mechani-cally stable. In the VoigtâĂŞReussâĂŞHill (VRH) approx-
imation which models elastic properties of polycrystalline
materials, the bulk modulus (B), shear modulus (G), Young
modulus (E), and Poisson ratio (휈) are also given in table 2.
According to Pugh âĂŹs rule, ductile behavior is exhibited
in materials when B/G>1.75, otherwise the materials be-
have in a brittle manner. For BC2N, B/G=0.90<1.75, whichshows it may be brittle. According to the rule proposed by
Frantsevich, a brittle behavior is exhibited in materials when
휈 <0.26, otherwise the materials behave in a ductile man-
ner. For BC2N, 휈=0.094<0.26, which is in agreement withPugh’s rule. All elastic constants and elastic moduli values
are consistent with previous theoretical studies [53, 70]. The
results of these studies for the Vickers hardness are 70.34
GPa, and 71 Gpa, which are close to the experimental value
of 76 GPa. They have also shown that the hardness increases
notably with compressive strain [70]. The obtained moduli
and hardness values are intermediate between that of c-BN
and diamond [71].
In our calculations, we have used the lattice constant ob-
tained at zero-temperature. For higher temperatures, the lat-
tice constant increases due to thermal expansion. The latter
is proportional to the Gruneisen parameter and elastic com-
pliance of the material. Fig. 6 shows the mode Gruneisen
parameters which are between 0 and 1.5, indicating that this
system is quite harmonic. The calculated thermal expansion
coefficients are shown in Fig.4. The calculated room tem-
perature thermal expansion coefficients of hexagonal BC2Nare 1.38×10−6 and 1.60×10−6, which are more than that of
diamond,1.06×10−6[71, 74, 75], and c-BN,1.15×10−6, [76],
and closer to that of Si,2.6 × 10−6, [77, 78, 74]. The com-
parison with diamond and c-BN suggests that BC2Nmay bea better candidate for thermal management in Si-based de-
vices than diamond.
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Figure 4: Coefficients of volume and linear thermal expansion
as a function of temperature for hexagonal BC2N within QHA.
Note they are related through 훼푉 = 훼푧 + 2훼푥
3.2. Thermal conductivity of hexagonal BC2NIn the equilibrium geometry, we have investigated the
thermal conductivity of both naturally occurring and hypo-
thetical isotopically pure hexagonal BC2N. Fig.5(a,b) showthe temperature dependence of calculated thermal conduc-
tivity along both directions from 200 to 1000 K. The results
show that at room temperature, 휅푛푎푡= 1190 W/m-K, while
휅푝푢푟푒= 2305 W/m-K, about 48% larger than 휅푛푎푡 due to re-moval of the phonon isotope scattering, which is quite large
at lower temperatures. These results were obtained by con-
sidering the interaction cutoff for cubic IFCs calculations
up to the seventh nearest neighbors. Table.3 shows these
results in comparison with those resulting from including
up to eleven nearest neighbors in the calculation of cubic
force constants. Table 3 shows that the converged results are
around 10% lower than thermal conductivity obtained from
7 nearest neighboring interaction, which is invisible in log
scale of Fig.5.
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Table 2
Equilibrium lattice constants (a and c, in Å), space group (sg), elastic constants (C푖푗 , in
GPa), elastic moduli (B, G, E, in GPa), and Poisson’s ratio of hexagonal BC2N, cubic BN,
and diamond.
푠푔 푎 푐 C11 C12 C13 C33 C44 C66 퐵 퐺 퐸 휈
Present R3m 2.528 12.557 1049 112.32 65.18 1054.52 406.97 468.39 404 450 985 0.094
BC2N[53] R3m 2.541 12.618 1024.76 103.57 61.17 1022.42 402.55
BC2N[70] R3m 2.538 12.603 1025 99 56 1024 405 463 338 444 965 0.08
c−BN[72] F-43m 3.622 778 165 447 369 384 856 0.11
diamond[73] F-43m 3.620 1053 120 563 432 522 1116 0.07
Table 3
Thermal conductivity at room temperature versus cumulative
number of neighbors included in the calculation of cubic force
constants
# of Neighbors 7푡ℎ 11푡ℎ
휅푝푢푟푒 2305 2073 (W/m-K)
휅푛푎푡 1190 1083 (W/m-K)
The thermal conductivity of hexagonal BC2N is evidentlyhigh due to the strong bond stiffness [53] and light mass of
atoms B-C-N, which we have shown to produce extremely
high phonon frequencies as well as high acoustic velocities.
There is an inverse relationship between the acoustic veloc-
ity scale and the phase space for phonon-phonon scattering[11].
The high phonon-frequency scale thus reduces the phase space
for three-phonon scatterings, providing another justification
for the high thermal conductivity of this material.
In Fig.5, the calculated pure lattice thermal conductivity
of hexagonal BC2N within both relaxation time approxima-tion (RTA) and the full iterated solution to the phonon Boltz-
mann equation are plotted as a function of temperature. It is
evident from the figure that the RTA solution gives a poor
approximation to the lattice thermal conductivity of hexag-
onal BC2N. For example, at 300 K, the full iterated ther-mal conductivity is about 34% higher than the result within
RTA. This implies that the behavior of thermal conductivity
is dominated by the normal scattering processes. This dom-
inance manifests itself through the converged solution of the
phonon BTE giving the thermal conductivity that lies higher
than the RTA result. This can be compared to the case of di-
amond where the full thermal conductivity was 50% larger
than its RTA value.[11].
In most calculations of the lattice thermal conductivity,
acoustic phonons are usually considered as the majority of
heat-carrying phonons, and optical phonons provide essen-
tial scattering channels for the former[79]. This is because
optical phonons have small group velocities, so they have lit-
tle direct contribution to the thermal conductivity, except in
the nanoscale regime [80] where the long mean free paths of
acoustic phonons become strongly reduced due to the small
system size. In the equilibrium geometry of hexagonal BC2N,as can be seen in Fig.3 and Fig.6, there are optical phonon
modeswith angular frequency around 20 THzwith group ve-
locities similar to that of the acoustic modes, which makes
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Figure 5: Thermal conductivity versus temperature under dif-
ferent compressive stresses: (a) in-plane direction 휅푥푥, and (b)
cross plane direction 휅푧푧.
their contribution comparable to that of acoustic phonons. In
order to illustrate this, we have calculated the contributions
of different phonon branches to the lattice thermal conduc-
tivity of BC2N, as shown in Fig.7(a,b).It can be seen that the contribution of TO1 and TO2 optic
modes are roughly more than 8 percent in in-plane direction
at room temperature, while the contribution of TA1 acous-
tic mode is 22 percent. Along the cross-plane direction, as
shown in Fig.7 (b), the contributions of TO1 and TO2 optic
modes are more than that of LA and TA2 respectively. It is
also worth mentioning, as can be seen in table.4, that the cal-
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culated maximum phonon frequencies of LO, transverse TA
and longitudinal acoustic LA velocities of BC2N are closeto those of diamond [11] and c-BN[9].
3.3. The effect of pressure on thermal conductivity
of hexagonal BC2NFig.5(a,b) shows the temperature dependence of the cal-
culated thermal conductivity for hexagonal BC2N from 200to 1000 K under different compressive strains along the 푥
and 푧 directions, respectively. With increasing pressure, 휅푝푢푟푒becomes larger than the corresponding P= 0 values through-
out the range of temperatures. At compressive hydrostatic
pressure of 8%, P=150Gpa, 휅푥푥푝푢푟푒 =4196W/m-K correspond-ing to nearly twofold increase compared to the P = 0 value.
This ratio is comparable to that of diamond and c-BN, as can
be seen in table5. These values are higher than those in any
known material at ambient pressure and temperature. It can
also be seen from blue and green lines in Fig.5(a,b) that ther-
mal conductivity at room temperature can be increased to
2659 W/mK,1715W/m-K and 2848 W/mk, 2127W/m-K in
both in-plane and cross-plane directions, by applying com-
pressive pressure only laterally or vertically, respectively.
To understand how pressure affects the thermal conduc-
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Figure 7: Normalized contribution of each phonon branch to
the total thermal conductivity as a function of temperature for
zero pressure in (a) in-plane 휅푥푥 and (b) cross-plane direction
휅푧푧. Letter "O" represents the other optical modes.
Table 4
Zone center frequencies, transverse and longitudinal acoustic
velocities, and thermal conductivity of hexagonal BC2N, c-BN,
and diamond (experimental values appear in parentheses).
휔퐿푂
(THz)
푣푇퐴
(m/s)
푣퐿퐴
(m/s)
휅
(W/m-K)
BC2N 38.33
11362
11748 17237 2305
c-BN[9] 38.49 11220 15110 2145[9]
(11800[81]) (15410[81])
diamond [11] 39.17 12567[100] 17326[100] 3450
[82]
(40.11[83]) (12830[84]) (17520 [11])
tivity of hexagonal BC2N, we examined phonon dispersionsand the corresponding phonon density of states at various
pressures. These are shown in Fig.8. As can be seen in
these figures, the frequencies of all phonon modes are pos-
itive, attesting to the dynamical stability of all compressed
hexagonal BC2N. According to simulation results, all elasticconstants of compressed hexagonal BC2N satisfy the stabil-
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Figure 8: Phonon dispersion curves and density of states of hexagonal BC2N under compressive hydrostatic pressure 휀 = 8%
(a,b), in-plane compressive pressure 휀푥푥 = 휀푦푦 = 8% (c,d), and vertical compressive pressure 휀푧푧 = 8% (e,f). (For comparison,
the dispersion at equilibrium geometry is plotted with gray curves), (g) The comparison of phonon density of states of hexagonal
BC2N under different compressive pressures.
ity criteria. For clarity and ease of comparison, all of these
phonon dispersions are superimposed on the equilibrium ge-
ometry’s dispersion plotted with dashed gray lines. It can be
seen that under pressure the bandwidth is increased. This
has two consequences: group velocity of acoustic and opti-
cal modes have to increase, leading to a higher thermal con-
ductivity quadratic in that increase. The second effect which
is less transparent, is the reduction in the scattering phase
space. As can be seen in Eq.2, a rescaling of the frequen-
cies by a factor of 푠 leads to a rescaling of the phase space
integral by a factor of 푠−5 if we take the classical limit of
the distribution function 푓휆 ≃ 푘푇 ∕ℏ휔휆 or 푠−4푒−훼푠 if one isat low temperature. So, assuming a simple rescaling of the
frequencies under applied pressure, according to Eq.1 there
is a gain of 푠2 from the group velocities and a gain of 푠4 or
푠5 from the scattering time. It is however not very clear how
anharmonicity, or cubic force constants, scale with applied
pressure. The Gruneisen parameter is a good indication of
anharmonicity strength and will be discussed later. In re-
ality, the scaling is not the same for all modes, and this ar-
gument should just be taken as a support for explaining the
increase in 휅 with pressure.
Table 5
Thermal conductivity under compressive hydrostatic pressure
at room temperature in comparison with its value at P=0Gpa
휅푝푢푟푒 (W/m-K)
at P=0 Gpa
휅푝푢푟푒 (W/m-K)
BC2푁 2305 4196 P=150 Gpa
diamond[82] 3450 6880 P=125 Gpa
c-BN[9] 2113 (2145[8]) 3400 P=150 Gpa
As we can see in Fig.8, the scaling under hydrostatic
pressure is nearly 25% while that along the 푧 direction is
only about 10%. We can therefore expect the largest increase
in the case of hydrostatic compression followed by in-plane
and cross-plane compressions.
To highlight the connection between the optical phonon
frequencies and thermal conductivity, the anharmonic scat-
tering rates for the different pressures were calculated within
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Figure 9: Anharmonic phonon scattering rates at 300 K compared to uncompressed, for hydrostatic (a), in-plane (b), and
cross-plane (c) applied pressures.
the relaxation time approximation. The room temperature
anharmonic scattering rates of hexagonal BC2N under thedifferent pressures are compared to the anharmonic scatter-
ing rates of the equilibrium geometry in Fig.9. The cumula-
tive plots of frequency dependent contributions to both com-
ponents of 휅푅푇 , in Fig.10(a,b), show that thermal conductiv-ity 휅푅푇 under each pressure is almost entirely due to phononswith angular frequency below 20THz, corresponding tomean
free paths of approximately 10 휇m. At compressive hydro-
static pressure of 8%, phonons with 휔 up to 20 THz con-
tribute more than 80% to the thermal conductivity at room
temperature. For this range of frequency, the scattering rates
are seen to strongly decrease with pressure except for the in-
plane case, as can be seen in Fig.9(a-c).
At compressive hydrostatic pressure 8%, the scattering
rates are smaller than half of that of the equilibrium geome-
try. It can be also seen that, at compressive hydrostatic pres-
sure 8%, the scattering rates has the lowest values, and the
scattering rates from lateral compressive pressure are more
than that of due to vertical compressive pressure.
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Figure 10: Cumulative thermal conductivity versus phonon
frequency under the different pressures at T=300 K in (a) in-
plane 휅푥푥, (b) cross plane directions휅푧푧.
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In Fig. 11 and 12, we separate the role of anharmonic-
ity strength and phase space in determining the change in the
scattering rates. As can be seen in Fig.11, and as discussed in
the scaling argument, if the phonon bandwidth is increased,
the scattering phase space will strongly decrease. This can
be seen even in the logarithmic scale of Fig.11. From Fig.12,
we can see that the Grunesien parameter, which is a mea-
sure of anharmonicity strength, has also strongly decreased
by nearly four-fold with compressive pressure; the strongest
suppression being for the hydrostatic pressure.
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Figure 12: Gruneisen parameters as a function of temperature
for hexagonal BC2N under different compressive pressures.
To better understand this effect, we plot in Fig.13 the
magnitude of cubic force constants as a function of bond
length at various pressures. Of the 27 possible tensor el-
ements, we have chosen the largest ones which happen to
be the 푦푦푦 and 푧푧푧 components. It can be seen that IFCs
along 푦푦푦 shown in Fig.13(a) are generally smaller than the
푧푧푧 components shown in Fig.13(b). The largest 푦푦푦 com-
ponents decrease under pressure. Furthermore, the decrease
in the Gruneisen parameter with pressure can be explained
by noting that it is inversely proportional to the square of
phonon frequencies which increase with pressure.
Finally, we show in Fig.14 the contribution of different
phonon branches to the lattice thermal conductivity of BC2Nfor different pressures. It can clearly be seen that the con-
tribution of "other" optical phonons increases with temper-
ature. This increase is largest for cross-plane compressions
(e,f). The relative contributions do not seem to have changed
much compared to the zero pressure case of Fig.7.
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Figure 13: Largest anharmonic force constants along (a) yyy
and (b) zzz versus distance
4. Conclusion
In this work, thermal properties of hexagonal BC2N, themost energetically stable B-C-N structure reported so far,
were calculated. It was found that, due to the strong bond
stiffness and light mass of atoms B-C-N, optical phonon fre-
quencies, group velocities and finally the thermal conduc-
tivity are quite high and comparable to C-diamond and c-
BN. Some optical phonons have group velocities similar to
acoustic ones, which makes them have a large contribution
to the thermal conductivity. Under 8% isotropic compressive
strain, the lattice thermal conductivity, 휅, of this material in-
creases to 4200 W/m-K, about a factor of 2 larger than the
unstrained value at room temperature. This is explained by
the shift of phonon modes to higher frequencies resulting in
higher group velocities and a reduction of three-phonon scat-
tering rates due to a reduced scattering phase space. While
it was shown that hexagonal BC2N was harder than c-BN,the large values of 휅 predicted by the first-principles theory
presented here would be interesting to measure under high
pressure. Finally, the larger thermal expansion coefficient,
compared to diamond and c-BN makes this material attrac-
tive as a heat sink with smaller thermal strains when inter-
faced with Si or polycrystalline 3C-SiC which have almost
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Figure 14: Normalized contribution of each phonon branch to the total thermal conductivity as a function of temperature. The
top three plots show the in-plane thermal conductivity 휅푥푥 (a, c, and e) while the bottom three show the out-of-plane normalized
thermal conductivity 휅푧푧 (b, d and f). From left to right, we show the contributions for 8% strain, in all three directions (a and
b), in-plane (c and d) and out of plane (e and f) strain respectively.
no CTE mismatch with BC2N. Due to its large bandgap, Si-matching CTE and high thermal conductivity, this material
can find applications in high-power electronic devices.
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